General Methods

1-1. Reactions and purifications
Unless otherwise noted, all reactions were carried out in an oven-dried glassware fitted with a 3-way glass stopcock under an argon atmosphere with magnetically stirred chips. All work-up and purification procedures were carried out with reagent-grade solvents under ambient atmosphere. Thin layer chromatography (TLC) was performed on Merck TLC plates (0.25 mm) pre-coated with silica gel 60 F254 and visualized by UV quenching and staining with KMnO4 or ninhydrine. Flash column chromatography was performed on a Biotage Isolera Spektra One with a Redisep column.
1-2. Characterizations
Infrared (IR) spectra were recorded on a HORIBA FT210 Fourier transform infrared spectrophotometer. NMR spectra were recorded on a JEOL ECS-400, a Bruker AVANCE III HD400 or a Bruker AVANCE III 500. Chemical shifts (δ) are given in ppm relative to residual solvent peaks. 1 Data for 1 H NMR are reported as follows: chemical shift (multiplicity, coupling constants where applicable, number of hydrogens). Abbreviations are as follows: s (singlet), d (doublet), t (triplet), dd (doublet of doublet), dt (doublet of triplet), ddd (doublet of doublet of doublet), q (quartet), m (multiplet), br (broad). High performance liquid chromatography (HPLC) analysis was performed on Jasco analytical instruments with single pump and UV detector. Optical rotation was measured using a 1 mL cell with a 10 cm path length on a JASCO polarimeter P-1030. High-resolution mass spectra were measured on a Thermo Fisher Scientific LTQ Orbitrap XL.
1-3. Solvents and reagents
Unless otherwise noted, materials were purchased from commercial suppliers and were used without purification. Toluene, THF, diethyl ether, and CH2Cl2 were purified by passing through a solvent purification system (Glass Contour). Mesitylcopper was prepared by following the literature procedure 2 and handled in a glove box. (S,S)-Ph-BPE and TBSOTf were purchased from Aldrich. (R)-Tol-BINAP and MeOTf were purchased from TCI. 2,2,5,7,8-Pentamethyl-6-chromanol and 4-methoxyphenol were purchased from TCI and used after recrystallization from n-hexane/EtOAc. Na2CO3 and MeLi were purchased from Kanto Chemical. Thioamide was prepared by reported procedure. 3 Generally, it is needed to do the flash chromatography twice in order to purify thioamides, because some impurities, which are difficult to detected by 1 H NMR, from Lawesson's reagent could poison copper catalyst. It is strongly recommended to start a gradient using hexane only at a slow flow rate during the flash chromatography.
Experimental Procedures
2-1. Preparation of syn-selective catalytic asymmetric aldol reaction of thioamide
Aldols 5b, 5e, 5f, 5g, 5h and 5i were prepared by reported procedure. 4 (2S,3R)-N,N-diallyl-3-hydroxy-2-methyl-10-(trimethylsilyl)dec-9-ynethioamide (5c):
Prepared by reported procedure from 8-(trimethylsilyl)oct-7-ynal (1c) (117.3 mg, 0.60 mmol, 1.0 eq.) and isolated as a colorless oil (196.6 mg, 0.54 mmol, 90%); 1 H NMR (400 MHz, CDCl3) δ 5. 2H), 4H), 4.92 (dd, J = 14.8, 5.4 Hz, 1H), 4.66 (s, 1H), 3H), 1H) , 2.96-2.87 (m, 1H), 2.21 (t, J = 7.0 Hz, 2H), 1.65-1.20 (m, 11H), 0.14 (s, 9H); 13 C NMR (100 MHz, CDCl3) δ 211. 0, 131.2, 130.7, 118.8, 117.9, 107.7, 84.5, 72.7, 55.6, 52.9, 46.3, 35.0, 28.9, 28.7, 25.8, 20.0, 14.1, 0.3; IR (NaCl) +82.9 (c 1.10, CHCl3, 97% ee); HPLC analysis: Daicel CHIRALCEL OZ-H, φ 0.46 cm x 25 cm, n-hexane/i-PrOH = 40/1, flow rate = 1.0 mL/min, detection at 254 nm, tR = 7.6 min (minor), 14.9 min (major) (2S,3R)-N,N-diallyl-3-hydroxy-2-methyltridec-12- (dd, J = 7.8, 4.4 Hz, 1H) , 2.92 (ddd, J = 13.7, 6.8, 1.6 Hz, 1H), 2.03 (dd, J = 14.6, 6.5 Hz, 1H), 1.57-1.27 (m, 14H), 1.23 (d, J = 6.8 Hz, 3 H); 13 C NMR (100 MHz, CDCl3) δ 210. 9, 139.2, 131.1, 130.5, 118.6, 117.7, 114.1, 72.7, 55.4, 52.7, 46.0, 34.9, 33.8, 29.6, 29.5, 29.4, 29.1, 28.9, 26.1, 13.9; IR (NaCl) ν 3367, 3079, 2975 , 2926 , 2854 , 2361 , 2342 , 1641 
2-2. Preparation of TBS protected aldols
A flame-dried test tube (20 mL) was charged with aldol adduct 5 (1.0 eq.), and azeotropic-dried with toluene (60 °C, 10 min for two times). Then dried under vacuum for 1 h. After drying 1 h, CH2Cl2 (0.1 M), 2,6-lutidine (2.0 eq.) and TBSOTf (1.5 eq.) were added successively using well-dried syringes and needles at 0 °C and then resulting mixture was allowed to warm up to room temperature. After stirring for over night at room temperature, saturated NH4Cl aq.
(1 mL) was added to the reaction mixture. The mixture was extracted with EtOAc. The combined organic layers were washed with brine and dried over Na2SO4. Filtrate was concentrated under reduced pressure. The residual product was purified by silica gel column chromatography (n-hexane/EtOAc) to give 8. Prepared by the general procedure from (2S,3R)-N,N-diallyl-3-hydroxy-2-methyl-5-phenylpentanethioamide (5b) (76.0 mg, 0.25 mmol, 1.0 eq.) and isolated as a colorless oil (91.9 mg, 0.22 mmol, 88%); 1 H NMR (400 MHz, CDCl3) δ 7. 2H), 3H), 2H), 4H), 4.77 (dd, J = 14.7, 5.7 Hz, 1H), 4.54 (dd, J = 14.7, 5.7 Hz, 1H), 1H) , 4.31 (dd, J = 17.1, 5.0 Hz, 1H), 4.14 (dd, J = 17.1, 5.0 Hz, 1H), 3.09-3.02 (m, 1H), 2.73-2.58 (m, 2H), 1.89-1.73 (m, 2H), 1.30 (d, J = 6.6 Hz, 3H), 0.96 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H); 13 C NMR (100 MHz, CDCl3) δ 208. 9, 142.7, 131.4, 131.0, 128.3, 128.2, 125.7, 118.4, 118.3, 55.2, 52.6, 48.3, 37.2, 31.1, 26.1, 20.6, 18.3, -0.0, -3.8, -4.0; IR (NaCl) ν 3084, 3063, 3025, 2954 , 2929 , 2894 , 2856 , 2360 , 2341 , 1717 , 1644 4, 131.5, 131.1, 118.4, 118.3, 107.7, 84.5, 55.3, 52.7, 48.5, 35.3, 29.3, 28.7, 26.2, 24.2, 20.7, 20.0, 18.4, 0.3, -3.7, -3.9 
(2S,3R)-N,N-diallyl-3-((tert-butyldimethylsilyl)oxy)-2-methyltridec-12-enethioamide (8d):
Prepared by the general procedure from (2S,3R)-N,N-diallyl-3-hydroxy-2-methyltridec-12-enethioamide (5d) (117.1 mg, 0.35 mmol, 1.0 eq.) and isolated as a colorless oil ( 2, 131.4, 131.0, 118.13, 118.09, 114.1, 55.2, 52.5, 48.4, 35.3, 33.8, 29.9, 29.5, 29.4, 29.1, 28.9, 26.1, 25.7, 24.5, 20.5, 18.2, -3.0, -3.9, -4 3, 166.7, 132.8, 131.4, 131.0, 130.5, 129.5, 128.3, 118.13, 118.07, 65.1, 55.1, 52.5, 48.4, 35.3, 29.8, 29.3, 28.7, 26.04, 26.01, 24.5, 20.5, 18.2, -3.9, -4 
(2S,3S)-N,N-diallyl-4-(benzyloxy)-3-((tert-butyldimethylsilyl)oxy)-2-methylbutanethioamide (8f):
Prepared by the general procedure from (2S,3S)-N,N-diallyl-4-(benzyloxy)-3-hydroxy-2-methylbutanethioamide (5f) (65.4 mg, 0.20 mmol, 1.0 eq.) and isolated as a colorless oil (70. 4, 138.1, 131.7, 131.1, 128.3, 127.9, 127.6, 118.1, 117.4, 73.5, 72.5, 55.5, 52.9, 45.5, 26.0, 20.3, 18.2, -4.2, -4.6; IR (NaCl) ν 3086, 3066, 2956 , 2929 , 2894 , 2857 , 1868 , 1643 86, 131.5, 131.1, 118.2, 118.1, 74.8, 60.0, 55.4, 52.6, 48.9, 38.6, 26.04, 25.98, 20.3, 18.3, 18.2, -4 .7, 135.9, 135.6, 133.7, 133.2, 131.5, 131.3, 129.64, 129.58, 127.6, 118.6, 117.6, 67.0, 55.8, 52.8, 45.1, 27.2, 26.1, 19.7, 19.3, 18.1, -4.0, -4.5; IR (NaCl) ν 3071, 3050, 2957 , 2930 , 2892 , 2857 , 2361 , 2342 , 1644 , 1589 4, 131.4, 131.0, 118.13, 118.09, 55.2, 52.5, 48.4, 35.3, 31.8, 29.9, 29.2, 26.1, 24.5, 22.6, 20.5, 18.2, 14.1, -3.9, -4.0; IR (NaCl) ν 3084, 2955 , 2928 , 2856 , 2360 , 2341 , 1728 , 1643 
2-3. Preparation of syn-aldols with methyl ketone functionality
A flame-dried 20 mL test tube was charged with TBS protected aldols 8 (1.0 eq.) and azeotropic-dried with toluene (60 °C, 10 min for two times). Then dried under vacuum for 1 h. After drying 1 h, Na2CO3 (1.5 eq., freshly dried under vacuum by heating), ether (0.2 M) and MeOTf (1.5 eq.) was added at room temperature. After stirring the reaction mixture at the same temperature for 7 h, the mixture was cooled to -70 °C and then methyl lithium (1.03 M in Et2O, 3.0 eq.) was added one portion. After stirring the reaction mixture at the same temperature for 1 h, acidic silica gel (250 g/mol) was added and then stirred for 30 min at the same temperature. The resulting mixture was warmed up to room temperature and then filtered through short pad celite. The precipitate washed with EtOAc. After removal of volatiles under reduced pressure, the resulting residue was purified by silica gel column chromatography (EtOAc/n-hexane) to give 9.
(3S,4R)-4-((tert-butyldimethylsilyl)oxy)-3-methyl-6-phenylhexan-2-one (9b):
Prepared 
(3S,4R)-4-((tert-butyldimethylsilyl)oxy)-3-methyl-11-(trimethylsilyl)undec-10-yn-2-one (9c):
Prepared by the general procedure from (2S,3R)-N,N-diallyl-3-((tert-butyldimethylsilyl)oxy)-2-methyl-10-(trimethylsilyl )dec-9-ynethioamide (8c) (100.6 mg, 0.21 mmol, 1.0 eq.) and isolated as a colorless oil (69.8 mg, 0.18 mmol, 87%); 1 H NMR (400 MHz, CDCl3) δ 3.92-3.88 (m, 1H), 2.66-2.57 (m, 1H), 2.23-2.15 (m, 5H), 1.55-1.15 (m, 8H), 1.04 (d, J = 7.0 Hz, 3H), 0.87 (s, 9H), 0.13 (s, 9H), 0.04 (d, J = 5.3 Hz, 6H); 13 C NMR (100 MHz, CDCl3) δ 211. 7, 107.6, 84.6, 73.7, 52.1, 34.6, 30.2, 29.0, 28.7, 26.0, 25.1, 19.9, 18.2, 11.7, 0.3, -4 6, 139.2, 114.1, 73.7, 51.9, 34.6, 33.8, 30.0, 29.7, 29.5, 29.4, 29.1, 28.9, 25.9, 25.5, 18.1, 11.4, IR (NaCl) ,9S)-8-((tert-butyldimethylsilyl)oxy)-9-methyl-10-oxoundecyl benzoate (9e) 6, 166.7, 132.8, 130.5, 129.5, 128.3, 77.2, 65.1, 52.0, 34.6, 30.1, 29.6, 29.2, 28.7, 26.0, 25.9, 25.5, 18.1, 11.5, -4.3, -4.5 4S)-5-(benzyloxy)-4-((tert-butyldimethylsilyl)oxy)-3-methylpentan-2-one (9f) :
Prepared by the general procedure from (2S,3S)-N,N-diallyl-4-(benzyloxy)-3-((tert-butyldimethylsilyl)oxy)-2-methylbutanethioamide (8f) (43.4 mg, 0.1 mmol, 1.0 eq.) and isolated as a colorless oil (29.6 mg, 0.088 mmol, 88%); 1 H NMR (400 MHz, CDCl3) δ 7.36-7.26 (m, 5H), 4.48 (dd, J = 18.2, 11.9 Hz, 2H), 4.14 (dd, J = 11.1, 5.5 Hz, 1H), 3.44-3.36 (m, 2H), 2.80-2.74 (m, 1H), 2.15 (s, 3H), 1.08 (d, J = 7.0 Hz, 3H), 0.86 (s, 9H), 0.044 (s, 3H), 0.038 (s, 3H); 13 C NMR (100 MHz, CDCl3) δ 211. 1, 138.1, 128.3, 127.7, 127.6, 73.3, 72.8, 72.1, 50.5, 29.6, 25.8, 18.1, 11.6, -4.3, -5 1, 135.6, 133.3, 129.8, 129.7, 127.8, 127.7, 72.9, 65.5, 49.7, 29.3, 26.8, 25.7, 19.2, 17.9, 10.2, -4.5, -5.1; IR (NaCl) ν 3071, 3051, 2956 , 2930 , 2887 , 2858 , 2360 , 2342 , 1959 , 1890 , 1825 , 1715 6, 73.6, 51.9, 34.6, 31.8, 30.0, 29.7, 29.2, 25.8, 25.5, 22.6, 18.1, 14.1, 11.4, -4.3, -4.5; IR (NaCl) ν 3081, 2956 , 2929 , 2857 , 1714 (3S,4R)-4-hydroxy-3-methyl-6-phenylhexan-2-one (3b) :
2-4. Preparation of TBS deprotected methyl ketone
To a flame-dried 20 mL test tube equipped with a magnetic stirring bar and a 3-way glass stopcock were charged with (3S,4R)-4-((tert-butyldimethylsilyl)oxy)-3-methyl-6-phenylhexan-2-one (9b) (19.6 mg, 0.061 mmol, 1.0 eq.) and AcOH (0.5 M in THF, 0.27 mL, 0.13 mmol, 2.2 eq.). To this mixture was added TBAF (1.0 M in THF, 0.27 mL, 0.27 mmol, 4.4 eq.) and stirred for 20 h at room temperature. The resulting mixture was concentrated under reduced pressure. The residual product was purified by silica gel column chromatography (n-hexane/EtOAc) and isolated as a colorless oil (12.2 mg, 0.059 mmol, 97%); 1 H NMR (400 MHz, CDCl3) δ 7. 30-7.26 (m, 2H), 7.21-7.17 (m, 3H), 3.99-3.95 (m, 1H) , 2.88-2.81 (m, 1H), 2.69-2.62 (m, 2H), 2.56 (ddd, J = 14.6, 7.3, 2.9 Hz, 1H), 2.18 (s, 3H), 1.89-1.79 (m, 1H), 1.65-1.56 (m, 1H), 1.17 (d, J = 7.3 Hz, 3H); 13 C NMR (100 MHz, CDCl3) δ 213. 9, 141.8, 128.5, 128.4, 125.9, 70.1, 50.9, 35.7, 32.3, 29.1, 9.8; IR (NaCl) ν 3449, 3084, 3062, 3026, 2932 , 2862 , 1704 , 1603 
2-4. Preparation of anti-selective catalytic asymmetric aldol reaction of thioamide
To a flame-dried 20 mL test tube equipped with a magnetic stirring bar and a 3-way glass stopcock were charged with (R)-Tol-BINAP (8.1 mg, 0.012 mmol, 2 mol%), 4-methoxyphenol (1.5 mg, 0.012 mmol, 2 mol%) and mesitylcopper (2.2 mg, 0.012 mmol, 2 mol%) in a glove box. To this mixture was added THF (0.4 mL) via syringe at room temperature, after 2 min of stirring at the same temperature, yellow solution of (R)-Tol-BINAP/mesitylcopper/4-methoxyphenol solution was obtained, which was used within 15 min. A flame-dried 20 mL test tube was charged with N,N-diallylbut-3-enethioamide (4b) (130 mg, 0.718 mmol, 1.2 eq), 3-phenylpropanal (1b) (80 mg, 0.6 mmol, 1.0 eq) and dry THF (2.6 mL), and reaction mixture was cooled to -70 °C. To the resulting cooled solution was added the (R)-Tol-BINAP/mesitylcopper/4-methoxyphenol solution dropwise within 1 min to run the reaction. After 6 h of stirring at -70 °C, a solution of acetic acid in THF (0.1 M/THF, 1 mL) and saturated NH4Cl aq. (1 mL) were added to the reaction mixture. The mixture was extracted with EtOAc. The combined organic layers were washed with brine and dried over Na2SO4. Filtrate was concentrated under reduced pressure. The chemical yield of the crude mixture was determined by 1 H NMR with 3,4,5-trichloropyridine as an internal standard, and the diastereomeric ratio was also determined by 1 H NMR of the crude mixture. The residual product was purified by silica gel column chromatography. Enantiomeric excess was determined by HPLC analysis. Racemic samples were obtained with same procedure using rac-BINAP as the ligand. 2, 142.6, 137.0, 131.0, 130.7, 128.6, 128.5, 125.9, 118.6, 118.5, 73.9, 60.3, 55.7, 52.7, 35.6, 32.3; IR (NaCl) ν 3446, 3082, 1639 , 1217 , 1133 2, 137.5, 131.1, 130.8, 118.4, 118.3, 117.9, 78.4, 57.4, 55.9, 52.8, 28.9, 20.8, 14.8; IR (NaCl) = +4.0 (c = 1.27, CHCl3); Enantiomeric excess was determined to be 91% ee by chiral HPLC analysis. HPLC: CHIRALCEL IC-3 (φ 0.46 cm x 25 cm), 2-propanol/n-hexane = 1/40, flow rate 1 mL/min, detection 254 nm, tR = 7.5 min (minor), 10.9 min (major).
(S)-N,N-diallyl-2-((S)-cyclohexyl(hydroxy)methyl)but-3-enethioamide (10j):
Pale yellow oil; 159.2 mg (90%); Note: 1 H NMR charts contains minor peaks derived from syn-adducts, 5 though different conditions, like using cyclohexane and Et2O, were tried to separate target compounds. 1 H NMR (400 MHz, CDCl3) δ 6.00 3, 137.6, 131.1, 130.8, 118.4, 118.3, 117.9, 78.4, 56.4, 55.9, 52.8, 39.0, 31.1, 26.8, 26.7, 26.5, 25.5 [α]D 24 = +4.1 (c = 1.05, CHCl3); Enantiomeric excess was determined to be 64% ee by chiral HPLC analysis. HPLC: CHIRALCEL IE (φ 0.46 cm x 25 cm), 2-propanol/n-hexane = 1/40, flow rate 1 mL/min, detection 254 nm, tR = 10.6 min (major), 12.0 min (minor).
